A R T I C L E I N F O
The use of tibiotalocalcaneal (TTC) arthrodesis with an instrumented intramedullary retrograde rod has proved to be an effective method for treating ankle and subtalar joint deformity (1, 2) , combined ankle and subtalar degenerative arthritis (3, 4) , inflammatory (5-7) and neuropathic arthritis (8) (9) (10) , talar avascular necrosis (11, 12) , and failed total ankle arthroplasty (13) (14) (15) and ankle arthrodesis (16) in modern orthopedics. However, using such an internal fixation construct is often left in the realm of last resort efforts for difficult cases in which other constructs would be expected to fail. As such, we must consider the situations for which these rods are indicated when viewing their clinical outcomes. Although the first generation of TTC rods relied on the basic passive loadsharing compression principles of tibial shaft rods (17) (18) (19) , a newer generation of TTC rods now offers active axial compression at insertion. The Panta Nail system (Integra LifeSciences, Plainsboro, NJ) is one such TTC device. It allows simultaneous active axial compression through the ankle and subtalar joints both using an external compression system. This allows the surgeon to lock the rod distally, apply compression through an outrigger device, and then lock the proximal portion of the rod to maintain the compression. This system theoretically can achieve ≤12 mm of actual compression (20) (Fig. 1) .
The results for the Panta Nail have been encouraging since its introduction in 2012. The initial data reported a 100% union rate with the use of the Panta Nail for salvage procedures of avascular necrosis of the talus at a 2-year follow-up point (n = 14) (11) and a 96.6% union rate at 2 years when implemented to correct deformity in 30 patients (1) . Although these studies characterized a specific indication for use with one particular inventor-investigator, the present study included all cases in a consecutive series in which the rod was inserted, from routine to salvage cases, during the study period.
In the present study, we summarized our results with the Panta Nail system for the past 4 years and provided the midterm clinical
Patients and Methods
In the present his retrospective review, we evaluated by medical record review patients who had received the Panta Nail from October 1, 2012 to October 1, 2016 by a private group practice of 2 fellowship-trained foot and ankle surgeons. The inclusion criteria consisted of Integra Panta Nail insertion and available medical record information for review. We had no exclusion criteria. From the identified patients, we were able to determine preoperative risk factors. These included diabetes (type 1 or 2), elevated body mass index, current smoking, nonsteroidal antiinflammatory drug use, thyroid disease, and preoperative ankle deformity and/or inflammatory arthritis from autoimmune disease (ankylosis or rheumatoid arthritis). We also identified preoperatively the etiology leading to TTC insertion from the operative report (failed total ankle arthroplasty, degenerative arthritis, posttraumatic arthritis, autoimmune disease). The preoperative coronal and sagittal plane deformity of the ankle joint was measured using the convention of recording the lateral distal tibial angle as valgus angle-positive or varus angle-negative and the anterior distal tibial angle as anterior angle-positive or posterior angle-negative. Basic descriptive demographic factors and the follow-up duration were also recorded. Visual analog scale (VAS) scores using a 10-point scale were recorded at the last follow-up visit and compared with the score immediately preceding arthrodesis surgery. The VAS is a numbered, psychometric, and patient-reported scale of pain, with 0 points indicating pain free and 10 points, excruciating pain.
Surgical Procedure Using the Panta Nail for TTC Arthrodesis
The patients were placed in a semilateral decubitus position on the operating table. They received a preoperative peripheral nerve block for postoperative pain control. Preparation of the joint surfaces for insertion of the Panta Nail occurred using a lateral approach to the ankle and subtalar joints, with a fibular osteotomy made in an oblique fashion. If the rod was placed after a previous subtalar fusion, an anterior approach was used (n = 2). The ankle and subtalar joints were then stripped of cartilage using an osteotome to cancellous bone. Careful "fish scaling" of the prepared surfaces with the osteotome was performed. After intramedullary reaming, the Panta Nail was inserted through a plantar incision just distal to the heel fat pad (20) . The rod was then locked distally to the calcaneus. Using 2 cross Schanz pins that span the rod (oblong hole), tibia, and outrigger jig, compression was applied using the tibial Schanz pins, which advances the Panta Nail proximally. The Panta Nail was locked statically, with the screws engaging the rod proximal to the Schanz pins. In this system, the distally locked calcaneus-Panta Nail is compressed against the stationary tibial Schanz pins, with the rod able to slide proximally by way of its oblong holes containing the tibial Schanz pins. Compression was deemed adequate when the cross Schanz pins had moderate bending under the generated torque. The final orientation of the ankle and hindfoot was confirmed on fluoroscopic views.
Group Stratification
The primary endpoint for success was radiographic and clinical evidence of fusion or failure resulting in rod removal. This is often a difficult assessment regarding the exact timing of bony fusion because the process is a continuum requiring many months. We evaluated fusion of the ankle joint and subtalar joint as separate events. In some cases, the rod was placed to obtain fusion at a joint adjacent to a previously fused joint (a 1-joint fusion attempt). We used radiographic evidence of fusion primarily, coupled with transition from cast to a controlled ankle motion boot as dictated in the clinic note, as our tentative fusion date for each joint. Radiographic images of both ankle and subtalar joints were compared on visits adjacent to our tentative fusion date to obtain a more accurate fusion date for each joint. All radiographs were reviewed and interpreted by a fellowship-trained surgeon (M.J.G.). Loss of all visible joint space and evidence of definitive bony bridging signified a bony fusion event (Fig. 2) . The presence of successful fusion at the intended joint or joints stratified our patients into 3 groups. Group A consisted of patients in whom insertion of the Panta Nail yielded a successful outcome without the need for dynamization or a bone grafting procedure. We defined a successful outcome as (1) bony union on anteroposterior and lateral radiographs; or (2) asymptomatic fibrous union with a VAS score of <4 on the follow-up visits. Group B The compressed state is then statically locked with proximal locking screws in the tibia, proximal to the Schanz pins. This holds the resultant compression at both joints. c, calcaneus; t, talus; t, tibia.
consisted of patients with rods inserted that required dynamization by removal of the proximal locking screws or a bone grafting procedure to yield a successful outcome at the joints in which arthrodesis had been performed. In general, we used a 6-month failure to produce definitive bony bridging on radiographs to define nonunion and, therefore, an indication for dynamization (Fig. 3 ). Group C consisted of patients in whom fusion had failed and an alternative surgical fixation strategy was used (Fig. 4) .
Statistical Analysis
All statistical analyses were performed using R statistical software, version 3.3.2 (R Core Team 2016, Vienna, Austria). Continuous variables were summarized as mean values and categorical variables as percentages. We tested for associations between the probability of first-attempt fusion and preoperative nonunion risk factors using logistic regression analysis. Using this same set of predictor variables, we tested for associations with the time to fusion using Cox proportional hazards regression analysis. The level of statistical significance was set at α < .05.
Results

Demographic and Initial Data
We identified 19 patients (17 ankles and 17 subtalar joints) who received the Panta Nail within the study period, with an average followup duration of 16.3 months. No patients were excluded who had received the Panta Nail during study period, because all patients had met the basic inclusion criteria of medical record information available for review. Of the 19 patients, 15 were male and 4 were female, with an overall average age of 65.5 years. The etiology for the Panta Nail is shown in Table 1 . The rod was placed in an attempt to fuse an isolated joint (ankle or subtalar) that was adjacent to a previously fused subtalar or ankle joint in 4 patients (2 subtalar and 2 ankle joints).
Fig. 2. (A) Preoperative and (B)
postoperative radiographs after nail insertion. This 70-year-old female patient had undergone insertion of a nail for correction of a degenerative hindfoot deformity. Radiographic evidence of fusion was found at both joints at 9 weeks postoperatively. This patient did not require a dynamization procedure to achieve a successful outcome (group A).
Fig. 3. Dynamization (group B). (A)
A 63-year-old male patient with a failed total ankle arthroplasty, talar collapse, and subtalar osteoarthritis. (B) Conversion to tibiotalocalcaneal arthrodesis with nail and femoral head allograft. The arthrodesis failed to produce fusion at the ankle and subtalar joints by 6 months postoperatively (nonunion). (C) Dynamization procedure (removal of the 2 proximal static locking screws) and use of a tantalum spacer yielded successful fusion.
Group Stratification
After stratification according to fusion, 11 patients met the criteria for a successful outcome (fusion or asymptomatic nonunion with VAS score <4) without the need for subsequent dynamization or bone grafting procedures (group A). On average, these patients presented with a preoperative sagittal plane deformity of 4.5°and coronal plane deformity of 4.1°. These patients had a time to fusion of 16.3 weeks at the ankle joint and 11.5 weeks at the subtalar joint ( Table 2 ). The average VAS score improved 4 points, from 5 points to 1 point. Group A included 1 patient with degenerative arthritis who had a subtalar joint that resulted in radiographically confirmed fibrous union that did not require subsequent surgery. This patient had an improvement in the VAS score from 6 to 4 points. Therefore, the bony union rate was 100% at the ankle joint and 90% at the subtalar joint. Thus, by our definition of group A, the successful outcome rate at both joints was 100%.
Patients in group B (n = 6) required another operative procedure to achieve a successful outcome (31% of patients). This was either proximal screw removal dynamization or a bone grafting procedure. Group B had a preoperative sagittal plane and coronal plane deformity of 6.4°a nd −1.7°, respectively. Dynamization, when used, was performed an average of 28 weeks after the index rod insertion. Fusion occurred, on average, at 37 weeks at the ankle joint and 35 weeks at the subtalar joint from index rod insertion. The VAS scores, on average, decreased 4.5 points, from 5 points to <1 point. This group included 2 patients with asymptomatic fibrous union despite dynamization. One fibrous union occurred at the ankle joint in a patient with degenerative arthritis despite successful fusion with the rod at the subtalar joint on the first attempt. After subsequent dynamization, fibrous union remained, with a VAS score improvement from 8 to 4 points. In a similar case, in a patient with posttraumatic arthritis, the ankle joint fused on the first attempt; however, the subtalar joint failed to show osseous bridging despite dynamization. However, the VAS score improved from 8 to 0 points, and the patient was completely asymptomatic. Thus, group B had an 83% bony union rate at the ankle and 75% bony union rate at the subtalar joint. Thus, by definition of group B, the successful outcome rate was 100% at both joints. No patient failed dynamization and then underwent rod removal.
In 2 patients, rods were inserted that ultimately led to failure, characterized by rod removal and an alternative surgical fixation strategy for fusion pursued (group C). In the first patient, nonunion occurred at the subtalar joint only. In this patient, the ankle and subtalar joints had undergone a previous arthrodesis procedure; however, only the ankle joint had fused. After rod failure, the nonunion at the subtalar joint underwent its third arthrodesis procedure using a screw fixation construct with bone grafting performed 20 weeks after rod insertion. In the second patient, nonunion developed at both the subtalar and the ankle joints in an attempt to salvage a total ankle An alternative fixation strategy (screw placement) was used during revision surgery (group C). Patients in group C (n = 2) underwent removal of the rod and screw placement or placement of a tibiotalocalcaneal plate. It was determined by the surgeon that dynamization was unlikely to lead to fusion secondary to patient symptoms, bone loss and/or gapping at the fusion site, and the elapsed time since the index nail insertion. Both patients subsequently had bony fusions after the alternative fixation surgery (load-bearing implants). However, they required prolonged non-weightbearing compared with those undergoing intramedullary rod procedures. arthroplasty. It was decided to proceed with rod removal and placement of a TTC plate construct 34 weeks after rod insertion. Neither bony union nor asymptomatic fibrous union occurred at any of the 3 joints in which fusion by rodding with the Panta Nail had been attempted. Therefore, group C had a 0% successful outcome regarding the effect of the rod.
Outcomes of Ankle and Subtalar Joints Analyzed as Independent Arthrodesis Events
We attempted fusion of 17 ankle joints and 17 subtalar joints in 19 patients. With all patients considered together, the ankle joint and subtalar joints equally had a first-attempt 65% bony union rate without the need for a subsequent surgical procedure (dynamization or bone graft). The ultimate bony union rate, including patients with dynamization or bone grafting but with retention of the rod (groups A and B combined), was 88% for the ankle joint and 77% for the subtalar joint. The ultimate successful outcome rate, including asymptomatic fibrous union (VAS score <4), was 94% at the ankle joint and 88% at the subtalar joint.
Regression Analysis for Factors Predicting Union and Time to Union
Although not powered specifically to detect differences for the fusion endpoint, regression analysis failed to show any predictive associations based on age, gender, body mass index, smoking status, alcohol use, diabetes, nonsteroidal antiinflammatory drug use, preoperative diagnosis (degenerative arthritis, failed total ankle replacement, posttraumatic arthritis, failed previous arthrodesis, and ankylosis or rheumatoid process), thyroid abnormalities, neuropathy, or preoperative coronal or sagittal deformities. Also, for the time to fusion endpoint, no significant predictors were identified (Table 3) .
Total Ankle Arthroplasty Salvaged With Panta Nail
A total of 6 total ankle arthroplasties were salvaged using the Panta Nail. All 6 arthroplasties had used the Scandinavian Total Ankle Replacement System (Stryker Corp., Kalamazoo, MI). The average time from the arthroplasty procedure to failure and rod insertion was 8.2 years. Three of these achieved successful fusion of both joints after the index intramedullary rod surgery (group A), for an initial firstattempt fusion rate of 50%. Two arthroplasties were included in group B and required operative dynamization. One required dynamization and a tantalum spacer and one a bone grafting procedure. Both achieved complete bony union. The last ankle arthroplasty failed to produce union at the ankle and subtalar joints and thus was included in group C. The ultimate successful outcome rate was 83%, which consisted entirely of bony union.
Complications
Five complications (26%) developed. Group B (n = 5) experienced delayed union requiring proximal screw removal dynamization in a separate operative procedure. However, all the patients in group B progressed to either bony union at both joints (n = 3) or asymptomatic fibrous union at an isolated joint (n = 2). These were considered successful outcomes and thus were not included as complications. Group C included 2 complete failures, and these were considered complications. In addition, 3 infections developed, 2 of which resolved with local wound care and antibiotics. One case required an incision and drainage procedure without further sequela.
Discussion
The present study characterized our 4-year, consecutive series experience with the Panta Nail TTC arthrodesis system. Overall, the success of the Panta Nail at our institution was more modest than that characterized by other investigators (100% and 96.6%) (1, 11) . In our study, we observed an overall bony union rate across all groups of 88% at the ankle joint and 77% at the subtalar joint. However, if we included the 3 asymptomatic fibrous unions (VAS score <4), the successful outcome rate was 94% at the ankle joint and 88% at the subtalar joint, coinciding with reported data. This fusion rate was also consistent with Abbreviations: BG, bonegraft; NA, not applicable; TAR, total ankle replacement; TTC, tibiotalocalcaneal; VAS, visual analog scale. 
Ultimately, our regression analysis failed to show any correlation with these risk factors and the outcomes of bony fusion, nonsymptomatic fibrous union (visual analog scale score <4), dynamization procedure (group B), or rod failure (group C). Abbreviations: BMI, body mass index; NSAID, nonsteroidal anti-inflammatory drug; OA, osteoarthritis; RA, rheumatoid arthritis; TAR, total ankle replacement.
our previous experience with a 90% fusion rate with a first-generation TTC rod and 93% with a TTC plate (21, 22) . It is important to remember 6 of the 17 successfully treated patients (groups A and B) required dynamization or subsequent bone grafting procedure in the operating room to achieve successful outcome. However, we viewed this, not as failure of the Panta Nail device, but rather an indication of the difficult cases that qualify for use of the Panta Nail. The requirement for dynamization and the lower than reported fusion rates in the present study were almost certainly related to our consecutive series and sequential patient selection. In our institution, slightly greater than one half of the patients (65%) achieved bony fusion at the first attempt without dynamization (group A). Thus, the requirement for dynamization in 31% of our patients should be viewed as a necessary continuum when healing is delayed. In our experience, the use of dynamization was decided at approximately the 28-week mark, coinciding with the commonly used 6-month definition of nonunion. In brief, we view dynamization as treatment augmentation, not treatment failure.
In our study, although the first-attempt fusion rate at the ankle and subtalar joints was the same, the ankle joint had a 10% greater fusion rate compared with the subtalar joint after dynamization. However, the difference failed to meet significance. Further bolstering a more tenuous subtalar joint fusion theory, the fibrous unions that did occur (n = 3) occurred twice as often in the subtalar joint than in the ankle joint. To the best of our knowledge, no study has differentially characterized the fusion rate between the ankle and the subtalar joint in the same TTC rod construct. We do know that the fusion rates of the subtalar joint will be less when adjacent to a previous ankle fusion compared with a more mobile ankle arthroplasty, presumably from a higher force transmission through the hindfoot (23, 24) . Zanoli et al (25) found a 30% decrease in fusion rates between arthrodesis procedures performed adjacent to an ipsilateral ankle fusion compared with those performed adjacent to a normal ankle. It would be difficult to compare a rod that spans both joints simultaneously in an attempt to fuse uniformly with complete ankle fusion and a more mobile subtalar joint. However, one can postulate greater relative stability at the ankle with its congruent and circumferential mortisetenon architecture than the more unconstrained, planar, and mobile subtalar joint. In this scenario, differential fusion rates would likely be realized.
The patients who underwent placement of a Panta Nail in response to failed total ankle arthroplasty fared well in the present study, with just 1 of the 6 requiring removal of the nail for another device. This constitutes an 83% overall successful outcome rate, which consisted entirely of bony unions. Kamrad et al (26) used the large Swedish Ankle Registry to find a 90% union rate among salvaged total ankle arthroplasties and noted a significantly lower reoperation rate with salvage arthrodesis compared with revision total ankle arthroplasty. However, both operations showed low functional scores and overall satisfaction, leaving room for improvement. Gross et al (27) performed a large meta-analysis of arthrodesissalvaged total ankle replacements and found a fusion rate of 71% with a rod. However, given the constraints of a meta-analysis, which generation or type of rod was used remains unclear. Also, in their analysis, they found a 100% fusion rate with a blade plate and bone grafting construct (27) . In 1 of our 2 rod failures (group C), we used a plate construct, which ultimately led to fusion, corroborating the use of plate and grafting constructs for cases of intramedullary rod failure.
The present study was not without limitations. First, the retrospective nature limited the available data for collection and review. Second, determining the timing of fusion from a plain film can be difficult and is a less precise measure than determining fusion using a computed tomography (CT) scan. In a previous study, we found that plain films can overestimate fusion by 16.4% on average compared with CT scans of the subtalar joint (28) . Although radiographs might overestimate the fusion percentage on average, in our retrospective review, we were limited by the available clinical data, which consisted entirely of radiographs. From a cost-conscience practice standpoint, most surgeons will evaluate union using a plain film, just as we did; thus, the union rates found in the present study correlate with these circumstances. Although from a purely biologic healing viewpoint, we acknowledge the union rate might differ by 16% from our rates. In a study evaluating fusion of the subtalar joint, a 50% bone bridge constituted asymptomatic bony fusion, and this fusion often matures over time (29) . Thus, compared with a 50% bony bridge to constitute asymptomatic fusion, our criteria of complete bony bridging and loss of joint space in the present study would more than compensate for the 16% discrepancy between plain film and CT at the subtalar joint. We suspect this would be the same at the ankle joint. It is also possible that the 3 unions in the present study judged to be fibrous using the complete loss of joint space criterion for successful bony fusion might have satisfied the 50% bony bridge criterion on CT and would therefore be successful bony unions. This would also correlate with these patients relatively pain-free (VAS score <4) presentation at the follow-up visit.
Third, outcome scores such as the American Orthopaedic Foot and Ankle Society foot and ankle scale score were not recorded during routine follow-up and were not available for analysis. Although the focus of our retrospective study was centered around summarizing our experience with the device (overall successful outcome rate and group stratification), we also investigated the risk factors that might be contributing factors in our primary outcomes by regression analysis. Ultimately, the low prevalence of many of the risk factors in our study population made these correlation analyses underpowered. Therefore, we could not exclude their likely and well-reported associations with nonunion events. Finally, a direct comparison of the fusion rate between a first-versus a second-generation TTC device such as the Panta Nail would be ideal. However, a prospective study with randomization would be better suited for this evaluation because an inherent selection bias exists between the nails. The strengths of the present study included the consecutive series approach in our study period compared with other studies, which focused primarily on 1 subset application of the nail. The midterm results were appropriately reportable, with an average follow-up duration of 16 months. This provides a basis for long-term follow-up.
In conclusion, the present retrospective analysis of our Panta Nail insertions during a 4-year period using a consecutive series approach has provided encouraging results. Given the context of the difficult salvage cases in which the Panta Nail is inserted, a successful outcome in 94% and 88% at the ankle and subtalar joint, respectively, can be viewed with reserved enthusiasm. Long-term follow-up of this patient population is needed.
